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Summary Protein—glycan interactions are ubiquitous in nature. Molecular description of com-
plex formation and the underlying thermodynamics, however, are not well understood due to the
lack of model systems. Bacteriophage tailspike proteins (TSP) possess binding sites for bacterial
cell surfaces oligosaccharides. In this article we describe the analysis of TSP-oligosaccharide
complexes. TSP provide large glycan interaction sites where affinity and specificity are guided
by the protein surface solvation and the conformational space sampled by the respective gly-Polysaccharide
dynamics;
can. Furthermore, we describe a computational approach to analyse the conformational space
sampled by flexible glycans of bacterial origin, a prerequisite for a thorough understanding of
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Figure 1 Structure of HK620TSP with oligosaccharide binding
pocket. Structure of bacteriophage HK620 tailspike trimer lack-
ing the N-terminal capsid binding domain. Side view of a surface
representation with one subunit as a ribbon drawing gradually
coloured from N-terminus (blue) to C-terminus (red). Each sub-
unit has an O-antigen binding site; as an example an O-antigen
hexasaccharide of E. coli serogroup O18A1 is shown in stick rep-
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arbohydrate—protein interactions are ubiquitous in nature
nd mediate the exchange of specific information (Gabius
t al., 2011). The affinity of proteins towards sugars is tightly
inked to the functional context of the respective interac-
ion. It is therefore very important to study the driving forces
or these recognition events and to understand in which
ay structural features of protein—carbohydrate complexes
nfluence the thermodynamics and the mechanism of bind-
ng. Whereas energetics of protein—protein-interactions and
rotein folding have been studied in detail (Baldwin, 2007)
nd linked to structure, insight into thermodynamics of
rotein—carbohydrate interactions is far more incomplete.
ne important reason for this is the obvious lack of high
esolution crystal structures of proteins in complex with
ligosaccharides of more than two monosaccharide building
locks. Analysis of non-covalent protein—carbohydrate com-
lexes in the Protein Data Bank showed that about 80% of
he ligands were monosaccharides, 13% were disaccharides,
nd 4% tri- to pentasaccharides (Nakahara et al., 2008). The
emaining 3% were mainly hexa-, hepta- or octasaccharides;
owever their majority mediates protein contacts only via
mall interfaces of one or two monosaccharide building
locks. This is in accordance with the fact that fundamental
esearch about protein—carbohydrate complexes has mainly
ocused on lectins, proteins that particularly bind small
accharide units. Thermodynamics of complexes between
arbohydrates and lectins have been intensively studied
Ambrosi et al., 2005; Dam and Brewer, 2002; Toone, 1994;
eis and Drickamer, 1996). A variety of methods has been
sed, like equilibrium dialysis, fluorescence spectroscopy,
MR, capillary electrophoresis or surface plasmon resonance
Lee and Lee, 2003). Global thermodynamic data analysis
s achieved in isothermal titration calorimetry (ITC), where
arameters like affinity, enthalpic and entropic contribu-
ions to the free enthalpy of binding as well as changes in
eat capacity (Cp) can be obtained in a single experiment,
r in experiments at different temperatures, respectively
Christensen and Toone, 2003). Lectins have weak affinities
or monovalent sugars and broad specificities for oligosac-
harides. Typical dissociation constants are in the millimolar
ange for monosaccharides and in the micromolar range for
ligosaccharides (Ambrosi et al., 2005; Weis and Drickamer,
996). Binding sites in lectins are largely preorganised shal-
ow grooves and no major structural rearrangement of
he proteins is observed upon complex formation. By con-
rast, in antibodies deeper binding pockets are found with
igh binding affinities that have been attributed to the
ydrophobic effect. Therefore, small but significant nega-
ive  Cp values (less than 0.5 kJmol−1 K−1) are observed
pon lectin—carbohydrate complexation (Toone, 1994).
onsequently enthalpy—entropy compensation is observed;
owever, with a flatter slope of the enthalpy—entropy plot
han found for proteins (Garcia-Hernandez et al., 2003).
High-resolution structural information on the interaction
f proteins with oligosaccharides of more than five build-
ng blocks is sparse. Although some lectins have been foundPlease cite this article in press as: Broeker, N.K., et al., Com
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o bind longer oligosaccharides with higher affinities than
maller sugar units, structural information on the complexes
s often lacking. Extended polymeric carbohydrate struc-
2
s
b
iesentation. Figure generated with PyMOL (SchroedingerLLC,
015).
ures, often present as components of plant cell walls or
torage polysaccharides are substrates for bacterial glyco-
ide hydrolases that contain independent domains termed
arbohydrate binding modules (CBMs) to target and concen-
rate the enzymes on their substrates (Abbott and Boraston,
012). Crystal structures and affinity studies of CBMs in com-
lex with oligosaccharides revealed characteristic elongated
hallow binding sites with few hydrogen bonds and mainly
romatic side chains mediating the contact. Consequently,
he quantity of stacking interactions was well described
y accumulation of  Cp-values predicted for desolvation
f tryptophan or tyrosine in proteins (Zolotnitsky et al.,plex carbohydrate recognition by proteins: Fundamental
ci. (2016), http://dx.doi.org/10.1016/j.pisc.2016.10.001
004). Tailspike proteins (TSP) from bacteriophages are well
tudied model systems for protein folding, but also have
een investigated for their role during the bacteriophage’s
nfection process (Andres et al., 2010a, 2010b, 2012). TSP
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Table 1 Dissociation constants and thermodynamics of TSP-oligosaccharide complex formation.
TSP-oligosaccharide complex KD/M  Ga/kJmol−1 Ha/kJmol−1 −TSa/kJmol−1
HK620TSP E372Q-hexasaccharide O18A1a 0.079  −40.4  −23.6  −16.8
HK620TSP wild type-hexasaccharide O18A1a 129b n.d.c n.d.c n.d.c
P22TSP—–octasaccharide O2 (Paratyphi)d,e 51  −24.1  −44.1 20.0
P22TSP—–octasaccharide O4 (Typhimurium)d 3.1  −31.1 −60.9 29.8
P22TSP—–octasaccharide O9 (Enteritidis)f 4.5  −30.5 −61.4 30.9
a Broeker et al. (2013).
b From fluorescence titration.
c Not determined.
d Andres et al. (2013).
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f Baxa et al. (2001).
represent a class of carbohydrate binding proteins different
from CBMs or lectins. In contrast to carbohydrate binding
modules of other glycoside hydrolases TSP do not possess
binding sites rich in aromatic side chains. Rather, carbo-
hydrate interaction is mediated by lectin-type contacts,
although TSP have large interaction sites that recognise
oligosaccharides with high sequence and linkage specificity
(Andres et al., 2013, 2012; Barbirz et al., 2008; Muller et al.,
2008; Schwarzer et al., 2015; Steinbacher et al., 1996).
Oligosaccharide binding sites are positioned on extended flat
-sheets on the TSP proteins (Fig. 1). TSP are thermostable
and protease resistant proteins with parallel  -helix folds,
with the peptide chains organised in native homotrimers of
150—200 kDa (Barbirz et al., 2009). TSP that bind and cleave
the O-polysaccharide of Gram-negative bacteria serve to
position the bacteriophage particle on the cell surface
towards a secondary receptor during the infection process
(Andres et al., 2010b). In the following we will describe anal-
yses of structure—affinity relationships in glycan recognition
processes obtained with the TSP model system.
Carbohydrate—protein interfaces:
understanding how two amphiphilic partners
interact in the presence of water
Water is the reason for the hydrophobic effect in biologi-
cal association events. Accordingly, displacement of water
occurs during ligand binding. The solvent arrangement on
protein surfaces in and around binding sites therefore is
an important prerequisite to prime the surface with both
specificity and affinity. However, both kinetics and thermo-
dynamics of solvent reorganisation upon binding is complex
and not well understood (Dunitz, 1994; Kadirvelraj et al.,
2008; Ladbury, 1996). In carbohydrate binding sites, ener-
getic contributions to complex formation have been found
to arise from hydrogen bond formation and desolvation of
the partners, and, to a larger extent, from van der Waals
interactions (Kadirvelraj et al., 2011). Accordingly, in lectin
binding sites free energy contributions accumulate from
clustered weak interactions at rather small specific sitesPlease cite this article in press as: Broeker, N.K., et al., Com
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that are further linked to the rest of the protein surface
by water mediated networks. These networks can be dis-
turbed by mutations far away from the direct binding site
which cause long range effects on the binding mechanisms
a
p
aithout major changes in the observed binding affinities
Gupta et al., 1996). It is therefore difficult to dissect sites
nd assign affinity contributions to single interactions. In
SP-oligosaccharide binding sites the solvent also markedly
nfluences the thermodynamic signature of complex for-
ation. The TSP of bacteriophage HK620 recognises the
-antigen of its Escherichia coli host and produces hexasac-
harides by enzymatic cleavage (Barbirz et al., 2008). In the
K620TSP-hexasaccharide complex a high number of solvent
ediated contacts are found in the binding pocket (Broeker
t al., 2013). Moreover, a substantial number of water
olecules get displaced from the surface upon complex
ormation. In total, this results in small amounts of heat gen-
rated in the ITC experiment. The electrostatic interactions
ominate HK620TSP-hexasaccharide complexes, resulting in
n overall low affinity not amenable to an ITC experi-
ent (Table 1) because desolvation energies are offset by
he electrostatic contribution of ligand binding (Kadirvelraj
t al., 2011). Water, however, can increase the affinity of
n oligosaccharide binding site as shown for an HK620TSP
utant. Here, specific exchange of glutamate for glutamine
ormed a site for an additional water molecule (Fig. 2).
pon sugar binding, side chain rearrangements lead to des-
lvation. Together with additional hydrogen bonding this
roduced a thousand fold increase in hexasaccharide affin-
ty corresponding to a  G of about  −15 kJmol−1 at 25 ◦C
ompared to the wild type (Table 1). In contrast, P22TSP
as a more hydrophobic interface to form octasaccharide
omplexes via Van-der-Waals contacts (Baxa et al., 2001)
Table 1). Accordingly, P22TSP complex formation is compa-
able with what was observed for small lectin sites, i.e.,
nthalpically driven with an opposed entropy term. The
K620TSP hexasaccharide interaction site is an exception
rom this rule because now both enthalpy and entropy
rive complex formation. However, it remains difficult to
ssign enthalpy and entropy contributions to single water
olecules. The free energy needed to remove a bound
ater molecule from a protein is dependent on the specific
urface structure at the water binding site and therefore
ontributes to the observed thermodynamics of ligand bind-
ng in a way difficult to predict (Fadda and Woods, 2011). Asplex carbohydrate recognition by proteins: Fundamental
ci. (2016), http://dx.doi.org/10.1016/j.pisc.2016.10.001
consequence, surface-bound water can also be regarded as
art of a protein surface and hence can shape binding sites
nd affect ligand affinities. This was shown exemplarily for
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Figure 2 Rearrangements in the TSP-oligosaccharide binding pocket to generate a high affinity complex. (A) Amino acids in the
ligand binding site of HK620TSP wild type (PDB: 2  × 85; yellow sticks) or E372Q mutant (PDB: 2  × 6w; cyan sticks) superimposed from
two complex structures in the presence of O-antigen hexasaccharide of E. coli serogroup O18A1 (grey sticks). (B) The glutamine
mutant has different side chain conformations in the unbound state (thick sticks). This leads to a different water network on the
protein surface in the unbound state and an additional water site (gold). Upon binding, this water gets expelled because side chains
rotate into place (thin sticks) and contributes about half of the additional free enthalpy difference. The rest of the 15 kJ/mol can
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oe attributed to changes in hydrogen bonding networks on the
eprinted with permission from Broeker et al. (2013). Copyrigh
22TSP-octasaccharide complexes. The TSP determines the
ost range of phage P22 which can infect Salmonella enter-
ca subsp. enterica (S.) of serogroups O2, O4 and O9 (Eriksson
t al., 1979) (Fig. 3). Structures of the O-polysaccharide
epeat unit (RU) only differ in the 3-deoxyhexose epimer
inked to the main chain mannose. The P22TSP binding site
an bind 2RU corresponding to an octasaccharide (Andres
t al., 2013; Steinbacher et al., 1996) (Fig. 3). ITC showed
hat P22TSP bind octasaccharides of serogroups O2 and
9 with higher affinity than of serogroup O2 (Table 1 and
ig. 3). Water molecules lining a hydrophobic pocket that
ccommodates the three different dideoxyhexoses of the
rst octasaccharide repeat unit force the serogroup O2-
ctasaccharide to bind as a conformer with a energetically
ess favoured torsion angle at the  -D-Manp-[1,4]--L-Rhap
lycosidic bond (Fig. 3D and E). As a consequence, the man-
ose bound galactose residue rotates away from the protein
hich reduces the overall affinity for the serogroup O2 lig-
nd. Apparently, it is energetically more favourable to keep
ater on the surface and use it as hydrogen bonding partner
han to meet the desolvation expenditure needed to bind
he glycan low energy solution conformer.
ole of polysaccharide dynamics in protein
inding
arbohydrates naturally occur as oligomers and polymers
f monosaccharide building blocks and restraints to acces-
ible glycosidic torsion angles mostly dictate the sampling
f the conformational space (Lütteke et al., 2005). It is a
uestion of general interest either whether a preformed
arbohydrate binding site selects a defined conformer
rom solution (conformational selection) or whether initial
rotein contact induces a conformational change on thePlease cite this article in press as: Broeker, N.K., et al., Com
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arbohydrate (induced fit) (Weikl and von Deuster, 2009)
nd studies of binding kinetics may distinguish between
he two mechanisms (Berger et al., 1999). Especially
or bacterial polysaccharides it would be of great value
c
t
tin when the side chains rotate.
3, Oxford University Press.
o be able to exactly describe these conformations to
efine protective epitopes for the development of vac-
ines (Jennison and Verma, 2004; Theillet et al., 2011;
ulliez-Le Normand et al., 2008). This is important because
ligosaccharide vaccines often need to have specific hapten
engths (Johnson et al., 2012; Vulliez-Le Normand et al.,
008). Moreover, good conjugate vaccine epitopes that
licit an immune response must resemble the real bacterial
urface carbohydrate structure. In this respect, regarding
arbohydrate-antibody complexes does not always imply
hat the conformation found for the bound oligosaccha-
ide can be used to deduce the correct structure for a
ood protective response as conformational selection or
nduced fit binding mechanisms might occur (Theillet et al.,
011). Studies on TSP revealed that sites could be created
hat can either bind solution or non-solution conformers of
ligosaccharide binders. Whereas HK620TSP wild type binds
he hexasaccharide conformer mostly populated in solu-
ion, mutations could alter the protein surface to bind a
on-solution conformer (Broeker et al., 2013). By contrast,
e could show for P22TSP that different oligosaccharide
pimers bound as different conformers in an identical bind-
ng site (Andres et al., 2013). In both cases, binding of
on-solution conformers could occur because the conforma-
ional space sampled by oligosaccharides does not contain
igh energy barriers. Description of the conformational
pace populated by long oligosaccharides or polysaccha-
ides requires computational approaches due to the inherent
hain dynamics (Woods and Tessier, 2010). Especially bac-
erial polysaccharides are important targets for analyses
hat explore alternative antibiotic or vaccine strategies. One
xample is the Gram-negative bacterium Shigella flexneri
S. flexneri) that causes bacillary dysentery mainly in devel-
ping countries. Its pathogenesis is related to production
f the Shiga toxin. Accordingly, only live attenuated strainsplex carbohydrate recognition by proteins: Fundamental
ci. (2016), http://dx.doi.org/10.1016/j.pisc.2016.10.001
an be used as oral vaccines (Levine et al., 2007). However,
hey showed limited success rates, and the best protec-
ion against shigellosis remains wild type infection. Here,
Please cite this article in press as: Broeker, N.K., et al., Complex carbohydrate recognition by proteins: Fundamental
insights from bacteriophage cell adhesion systems. Perspect. Sci. (2016), http://dx.doi.org/10.1016/j.pisc.2016.10.001
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Figure 3 Representative calorimetric titration curves for TSP-Salmonella (S.) oligosaccharide affinity determinations. (A) Ther-
mogram and binding isotherms for titration of P22TSP with S.Paratyphi A (serogroup O2) octasaccharide. At 10 ◦C a KD of 26.3  M
was obtained. (B) Thermogram and binding isotherms for titration of P22TSP with S. Typhimurium (serogroup O4) octasaccharide.
At 10 ◦C a KD of 1.4  M was obtained. (C) Structures of polysaccharide repeating units of Salmonella O-serogroups differing in the
dideoxyhexose branch for S. Typhimurium (serogroup O4), S.Paratyphi (serogroup O2) and S.Enteritidis (serogroup O9) (Lüderitz
et al., 1966). (D) Overlay of P22TSP-octasaccharide complex structures. The section shows the binding pocket for the different
dideoxyhexoses (colour coded as in C) Octasaccharides of serogroups O4 (PDB: 1tyx) and O9 (PDB: 1tyu) are shown as thin grey
sticks. The serogroup O2 octasaccharide (PDB: 3th0thick yellow sticks) is bound in a different conformation. As a result the non-
reducing end galactose residue is rotated towards away from the protein towards the spectator and has been omitted for clarity. (E)
Torsion angle positions of the  -D-Manp-[1,4]--L-Rhap glycosidic bonds occurring in the two octasaccharide repeat units (positions
1 and 2) of serogroups O2 (triangles), O4 (circles) or O9 (squares) bound to P22TSP plotted onto the phi-psi-energy diagram.
A, B and E reprinted with permission from Andres et al. (2013). Copyright 2013, Oxford University Press.
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Figure 4 Computer simulations of end-to-end distances in Shigella flexneri O-polysaccharide fragments. Top left: Phi—–psi free
energy landscape of an  -L-Rhap-  -L-Rhap-OH disaccharide (‘‘linkage II’’). Bottom: Major solution conformer of Shigella flexneri
O-serogroup Y docecasaccharide (3RU) obtained from MD simulation with linkage II in the A1 state. Top right: About ten percent of
the simulation time, a hairpin like conformer was observed resulting from rotation around phi and placing linkage II in the B state.
Reprinted with permission from Kang et al. (2014). Copyright 2014, American Chemical Society.
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Ttrong reactions against O-antigen were observed, stress-
ng its important role for immunisation. The S. flexneri
-antigen has a backbone with high (75%) rhamnose con-
ent and a growing body of evidence suggests that this
pecific rhamnose composition creates a polymer with highly
ynamic glycosidic torsion angles (Jonsson et al., 2012). Sev-
ral serotypes of this O-antigen exist that mainly vary in the
ubstitutions of the backbone with acetylations or gluco-
ylations (Foster et al., 2011). Especially the glucosylation
attern imposes constraints on the structures of extended
-antigen chains (Vulliez-Le Normand et al., 2008). During
nfection, S. flexneri can shield its toxin secretion system
rom the host’s immune system by varying the thickness
f the O-antigen layer via different glucosylation patterns
West et al., 2005). Accordingly, virulence of S. flexneri
s intimately linked to its specific and dynamic O-antigen
omposition. A computational strategy was developed to
escribe S. flexneri O-serogroup Y chain dynamics (Kang
t al., 2014) (Fig. 4). It showed that the conformational
pace sampled by a glycan can to a large extent be described
t the level of independent glycosidic torsions the character-
stics of which can be inferred from disaccharide fragments.
he appearance of serotype Y O-Antigen is then largely
hat of a semiflexible polymer. However, the  -L-Rhap-  -Please cite this article in press as: Broeker, N.K., et al., Com
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-Rhap-linkage assumes a special role in the sense that
otation about its phi angle into a state of higher energy
an lead to extreme, hairpin-like conformations of the whole
olysaccharide (Fig. 4). The possibility to assume these kink-
A
T
sike deformations may have some significance when long
olysaccharide chains initially interact with bacteriophage
SP.
onclusion
he analysis of TSP-glycan complexes shows the diverse
eatures found to establish protein—carbohydrate inter-
ctions. Glycan dynamics are effectively described with
omputational approaches. Water in binding sites can tune
ffinity in carbohydrate complex formation and TSP com-
lexes possess binding surfaces large enough to observe
hese effects experimentally. Moreover, carbohydrate con-
ormational states are in balance with desolvation barriers.
his opens the possibility to theoretically model desolvation
nthalpies and compare with experiment.
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he authors declare that there is no conflict of interest.plex carbohydrate recognition by proteins: Fundamental
ci. (2016), http://dx.doi.org/10.1016/j.pisc.2016.10.001
cknowledgement
his work was supported by the Deutsche Forschungsgemein-
chaft [grant number BA 4046/1-2] to S.B.
 IN+Model
F
F
G
G
G
J
J
J
K
K
K
L
L
LARTICLEPISC-384; No. of Pages 8
Complex carbohydrate recognition by proteins
References
Abbott, D.W., Boraston, A.B., 2012. Quantitative approaches to the
analysis of carbohydrate-binding module function. In: Gilbert,
H.J. (Ed.), Cellulases. Elsevier Academic Press Inc., San Diego,
pp. 211—231.
Ambrosi, M., Cameron, N.R., Davis, B.G., 2005. Lectins: tools for the
molecular understanding of the glycocode. Org. Biomol. Chem.
3, 1593—1608, http://dx.doi.org/10.1039/B414350G.
Andres, D., Baxa, U., Hanke, C., Seckler, R., Barbirz, S., 2010a.
Carbohydrate binding of Salmonella phage P22 tailspike protein
and its role during host cell infection. Biochem. Soc. Trans. 38,
1386—1389, http://dx.doi.org/10.1042/bst0381386.
Andres, D., Hanke, C., Baxa, U., Seul, A., Barbirz, S., Seckler, R.,
2010b. Tailspike interactions with lipopolysaccharide effect DNA
ejection from phage P22 particles in vitro. J. Biol. Chem. 285,
36768—36775, http://dx.doi.org/10.1074/jbc.m110.169003.
Andres, D., Roske, Y., Doering, C., Heinemann, U., Seck-
ler, R., Barbirz, S., 2012. Tail morphology controls DNA
release in two Salmonella phages with one lipopolysaccharide
receptor recognition system. Mol. Microbiol. 83, 1244—1253,
http://dx.doi.org/10.1111/j.1365-2958.2012.08006.x.
Andres, D., Gohlke, U., Broeker, N.K., Schulze, S., Rabsch, W.,
Heinemann, U., Barbirz, S., Seckler, R., 2013. An essential
serotype recognition pocket on phage P22 tailspike protein
forces Salmonella enterica serovar Paratyphi A O-antigen frag-
ments to bind as nonsolution conformers. Glycobiology 23,
486—494, http://dx.doi.org/10.1093/glycob/cws224.
Baldwin, R.L., 2007. Energetics of protein folding. J. Mol. Biol. 371,
283—301, http://dx.doi.org/10.1016/j.jmb.2007.05.078.
Barbirz, S., Becker, M., Freiberg, A., Seckler, R., 2009. Phage
tailspike proteins with beta-solenoid fold as thermostable car-
bohydrate binding materials. Macromol. Biosci. 9, 169—173,
http://dx.doi.org/10.1002/mabi.200800278.
Barbirz, S., Muller, J.J., Uetrecht, C., Clark, A.J., Heinemann,
U., Seckler, R., 2008. Crystal structure of Escherichia coli
phage HK620 tailspike: podoviral tailspike endoglycosidase mod-
ules are evolutionarily related. Mol. Microbiol. 69, 303—316,
http://dx.doi.org/10.1111/j.1365-2958.2008.06311.x.
Baxa, U., Cooper, A., Weintraub, A., Pfeil, W., Seckler, R., 2001.
Enthalpic barriers to the hydrophobic binding of oligosaccharides
to phage P22 tailspike protein. Biochemistry 40, 5144—5150,
http://dx.doi.org/10.1021/bi0020426.
Berger, C., Weber-Bornhauser, S., Eggenberger, J., Hanes, J.,
Plückthun, A., Bosshard, H.R., 1999. Antigen recognition
by conformational selection. FEBS Lett. 450, 149—153,
http://dx.doi.org/10.1016/s0014-5793(99)00458-5.
Broeker, N.K., Gohlke, U., Müller, J.J., Uetrecht, C., Heinemann,
U., Seckler, R., Barbirz, S., 2013. Single amino acid exchange in
bacteriophage HK620 tailspike protein results in thousand-fold
increase of its oligosaccharide affinity. Glycobiology 23, 59—68,
http://dx.doi.org/10.1093/glycob/cws126.
Christensen, T., Toone, E.J., 2003. Calorimetric evaluation
of protein-carbohydrate affinities. Methods Enzymol. 362,
486—504, http://dx.doi.org/10.1016/s0076-6879(03)01032-2.
Dam, T.K., Brewer, C.F., 2002. Thermodynamic stud-
ies of lectin-carbohydrate interactions by isothermal
titration calorimetry. Chem. Rev. 102, 387—430,
http://dx.doi.org/10.1021/cr000401x.
Dunitz, J.D., 1994. The entropic cost of bound water
in crystals and biomolecules. Science 264, 670,
http://dx.doi.org/10.1126/science.264.5159.670.
Eriksson, U., Svenson, S.B., Lonngren, J., Lindberg, A.A., 1979.Please cite this article in press as: Broeker, N.K., et al., Com
insights from bacteriophage cell adhesion systems. Perspect. S
Salmonella phage glycanases: substrate specificity of the
phage P22 endo-rhamnosidase. J. Gen. Virol. 43, 503—511,
http://dx.doi.org/10.1099/0022-1317-43-3-503. PRESS
7
adda, E., Woods, R.J., 2011. On the role of water models
in quantifying the binding free energy of highly con-
served water molecules in proteins: the case of Con-
canavalin A. J. Chem. Theory Comput. 7, 3391—3398,
http://dx.doi.org/10.1021/ct200404z.
oster, R.A., Carlin, N.I.A., Majcher, M., Tabor, H., Ng, L.-
K., Widmalm, G., 2011. Structural elucidation of the O-
antigen of the Shigella flexneri provisional serotype 88-893:
structural and serological similarities with S. flexneri pro-
visional serotype Y394 (1c). Carbohydr. Res. 346, 872—876,
http://dx.doi.org/10.1016/j.carres.2011.02.013.
abius, H.-J., André, S., Jiménez-Barbero, J., Romero, A., Solís,
D., 2011. From lectin structure to functional glycomics: prin-
ciples of the sugar code. Trends Biochem. Sci. 36, 298—313,
http://dx.doi.org/10.1016/j.tibs.2011.01.005.
arcia-Hernandez, E., Zubillaga, R.A., Chavelas-Adame, E.A.,
Vazquez-Contreras, E., Rojo-Dominguez, A., Costas, M., 2003.
Structural energetics of protein-carbohydrate interactions:
insights derived from the study of lysozyme binding to
its natural saccharide inhibitors. Protein Sci. 12, 135—142,
http://dx.doi.org/10.1110/ps.0222503.
upta, D., Cho, M., Cummings, R.D., Brewer, C.F., 1996. Thermo-
dynamics of carbohydrate binding to galectin-1 from Chinese
hamster ovary cells and two mutants. A comparison with four
galactose-specific plant lectins. Biochemistry 35, 15236—15243,
http://dx.doi.org/10.1021/bi961458+.
ennison, A.V., Verma, N.K., 2004. Shigella flexneri infection:
pathogenesis and vaccine development. Fems Microbiol. Rev. 28,
43—58, http://dx.doi.org/10.1016/j.femsre.2003.07.002.
ohnson, M.A., Cartmell, J., Weisser, N.E., Woods, R.J., Bun-
dle, D.R., 2012. Molecular recognition of Candida albicans
(1->2)--mannan oligosaccharides by a protective mono-
clonal antibody reveals the immunodominance of internal
saccharide residues. J. Biol. Chem. 287, 18078—18090,
http://dx.doi.org/10.1074/jbc.m112.355578.
onsson, K.H.M., Sawen, E., Widmalm, G., 2012. Studies on the con-
formational flexibility of alpha-L-rhamnose-containing oligosac-
charides using C-13-site-specific labeling, NMR spectroscopy and
molecular simulations: implications for the three-dimensional
structure of bacterial rhamnan polysaccharides. Org. Biomol.
Chem. 10, 2453—2463, http://dx.doi.org/10.1039/c2ob06924e.
adirvelraj, R., Foley, B.L., Dyekjaer, J.D., Woods, R.J., 2008.
Involvement of water in carbohydrate-protein binding: con-
canavalin A revisited. J. Am. Chem. Soc. 130, 16933—16942,
http://dx.doi.org/10.1021/ja8039663.
adirvelraj, R., Grant, O.C., Goldstein, I.J., Winter, H.C., Tateno,
H., Fadda, E., Woods, R.J., 2011. Structure and binding analysis
of Polyporus squamosus lectin in complex with the Neu5Ac alpha
2-6 Gal beta 1-4GlcNAc human-type influenza receptor. Glycobi-
ology 21, 973—984, http://dx.doi.org/10.1093/glycob/cwr030.
ang, Y., Barbirz, S., Lipowski, R., Santer, M., 2014. Conformational
diversity of O-antigen polysaccharides of the gram-negative
bacterium Shigella flexneri serotype Y. J. Phys. Chem. B 118,
2523—2534, http://dx.doi.org/10.1021/jp4111713.
adbury, J.E., 1996. Just add water! The effect of water on
the specificity of protein-ligand binding sites and its poten-
tial application to drug design. Chem. Biol. 3, 973—980,
http://dx.doi.org/10.1016/s1074-5521(96)90164-7.
ee, Y.C., Lee, R.T., 2003. Recognition of Carbohydrates in Biolog-
ical Systems, Part A: General Procedures. Academic Press, San
Diego.
evine, M.M., Kotloff, K.L., Barry, E.M., Pasetti, M.F., Sztein, M.B.,
2007. Clinical trials of Shigella vaccines: two steps forward and
one step back on a long, hard road. Nat. Rev. Microbiol. 5,plex carbohydrate recognition by proteins: Fundamental
ci. (2016), http://dx.doi.org/10.1016/j.pisc.2016.10.001
540—553, http://dx.doi.org/10.1038/nrmicro1662.
 IN+ModelP
8
L
L
M
N
S
S
S
T
T
V
W
W
W
W
Z
G., Shoham, Y., 2004. Mapping glycoside hydrolase
substrate subsites by isothermal titration calorime-
try. Proc. Natl. Acad. Sci. U. S. A. 101, 11275—11280,
http://dx.doi.org/10.1073/pnas.0404311101.ARTICLEISC-384; No. of Pages 8
üderitz, O., Staub, A.M., Westphal, O., 1966. Immunochemistry of
O and R antigens of Salmonella and related Enterobacteriaceae.
Bacteriol. Rev. 30, 192—255.
ütteke, T., Frank, M., von der Lieth, C.-W., 2005. Carbohydrate
Structure Suite (CSS): analysis of carbohydrate 3D structures
derived from the PDB. Nucleic Acids Res. 33, D242—D246,
http://dx.doi.org/10.1093/nar/gki013.
uller, J.J., Barbirz, S., Heinle, K., Freiberg, A., Seckler, R., Heine-
mann, U., 2008. An intersubunit active site between supercoiled
parallel beta helices in the trimeric tailspike endorhamnosi-
dase of Shigella flexneri Phage Sf6. Structure 16, 766—775,
http://dx.doi.org/10.1016/j.str.2008.01.019.
akahara, T., Hashimoto, R., Nakagawa, H., Monde, K., Miura, N.,
Nishimura, S.-I., 2008. Glycoconjugate Data Bank: structures—
–an annotated glycan structure database and N-glycan primary
structure verification service. Nucleic Acids Res 36, D368—D371,
http://dx.doi.org/10.1093/nar/gkm833.
chroedingerLLC, 2015. The PyMOL Molecular Graphics System, Ver-
sion 1.7.6.
chwarzer, D., Browning, C., Stummeyer, K., Oberbeck, A.,
Muehlenhoff, M., Gerardy-Schahn, R., Leiman, P.G.,
2015. Structure and biochemical characterization of bac-
teriophage phi92 endosialidase. Virology 477, 133—143,
http://dx.doi.org/10.1016/j.virol.2014.11.002.
teinbacher, S., Baxa, U., Miller, S., Weintraub, A., Seck-
ler, R., Huber, R., 1996. Crystal structure of phage P22
tailspike protein complexed with Salmonella sp. O-antigen
receptors. Proc. Natl. Acad. Sci. U. S. A. 93, 10584—10588,
http://dx.doi.org/10.1073/pnas.93.20.10584.
heillet, F.-X., Frank, M., Normand, B.V.-L., Simenel, C., Hoos,
S., Chaffotte, A., Belot, F., Guerreiro, C., Nato, F., Phalipon,
A., Mulard, L.A., Delepierre, M., 2011. Dynamic aspects ofPlease cite this article in press as: Broeker, N.K., et al., Com
insights from bacteriophage cell adhesion systems. Perspect. S
antibody: oligosaccharide complexes characterized by molec-
ular dynamics simulations and saturation transfer difference
nuclear magnetic resonance. Glycobiology 21, 1570—1579,
http://dx.doi.org/10.1093/glycob/cwr059. PRESS
N.K. Broeker et al.
oone, E.J., 1994. Structure and energetics of
protein—carbohydrate complexes. Curr. Opin. Struct. Biol. 4,
719—728, http://dx.doi.org/10.1016/s0959-440x(94)90170-8.
ulliez-Le Normand, B., Saul, F.A., Phalipon, A., Belot, F.,
Guerreiro, C., Mulard, L.A., Bentley, G.A., 2008. Struc-
tures of synthetic O-antigen fragments from serotype 2a
Shigella flexneri in complex with a protective monoclonal
antibody. Proc. Natl. Acad. Sci. U. S. A. 105, 9976—9981,
http://dx.doi.org/10.1073/pnas.0801711105.
eikl, T.R., von Deuster, C., 2009. Selected-fit versus induced-fit
protein binding: kinetic differences and mutational analysis.
Proteins 75, 104—110, http://dx.doi.org/10.1002/prot.22223.
eis, W.I., Drickamer, K., 1996. Structural basis of lectin-
carbohydrate recognition. Annu. Rev. Biochem. 65, 441—473,
http://dx.doi.org/10.1146/annurev.bi.65.070196.002301.
est, N.P., Sansonetti, P., Mounier, J., Exley, R.M., Parsot,
C., Guadagnini, S., Prévost, M.-C., Prochnicka-Chalufour, A.,
Delepierre, M., Tanguy, M., Tang, C.M., 2005. Optimization of vir-
ulence functions through glucosylation of Shigella LPS. Science
307, 1313—1317, http://dx.doi.org/10.1126/science.1108472.
oods, R.J., Tessier, M.B., 2010. Computational glycoscience: char-
acterizing the spatial and temporal properties of glycans and
glycan-protein complexes. Curr. Opin. Struc. Biol. 20, 575—583,
http://dx.doi.org/10.1016/j.sbi.2010.07.005.
olotnitsky, G., Cogan, U., Adir, N., Solomon, V., Shoham,plex carbohydrate recognition by proteins: Fundamental
ci. (2016), http://dx.doi.org/10.1016/j.pisc.2016.10.001
